Background: It has recently been recognized that serum vimentin is elevated in infectious diseases, and that vimentin plays a role in regulating neutrophils and macrophages associated inflammation. However, the mechanisms are unclear. This study was designed to explore the role of vimentin in regulating monocyte survival or apoptosis as well as inflammatory cytokine secretion in response to lipopolysaccharides (LPSs). Methods: A human monocytic leukemia cell line (THP-1) was transfected with vimentin-specific small interfering RNA (siRNA) or vimentin over-expressing plasmid. Apoptosis was assessed by TdT-mediated dUTP Nick-End Labeling (TUNEL) and DNA content assay. Immunoblotting was performed to detect apoptosis-associated proteins. Cytokines (interleukin [IL]-6, IL-10, and tumor necrosis factor a [TNF-a]) were measured by enzyme-linked immuno sorbent assay. Two-way analysis of variance followed by Student's t test was used to compare means between different groups. Results: Suppression of vimentin in THP-1 cells resulted in increased apoptotic response in the presence of LPS, while overexpression of vimentin could prevent the cells from apoptosis in response to LPS. LPS alone or suppression of vimentin resulted in significant up-regulation of caspase-3 (1.42 ± 0.20 of LPS alone and 1.68 ± 0.10 of vimentin suppression vs. control, t = 5.21 and 10.28, respectively, P < 0.05). In addition, pro-inflammatory cytokines (IL-6 and TNF-a) was significantly increased (IL-6: 577.90 ± 159.90 pg/day/10 5 cells vs. 283.80 ± 124.60 pg/day/10 5 cells of control, t = 14.76, P < 0.05; TNF-a: 54.10 ± 5.80 vs. 17.10 ± 0.10 pg/day/10 5 cells of control, t = 6.71, P < 0.05), while anti-inflammatory cytokine (IL-10) was significantly up-regulated in the THP-1 cells that over-expressed vimentin (140.9 ± 17.2 pg/day/10 5 cells vs. undetectable in control cells). Conclusions: In summary, the vimentin may regulate innate immunity through modulating monocytes viability as well as inflammatory response in sepsis through shifting the balance of pro-inflammatory and anti-inflammatory cytokines.
Introduction
Sepsis refers to the presence of a serious infection that correlates with organ dysfunction, which still contributes to the higher mortality in the world. Traditionally, the host immune response to sepsis was thought to be characterized by two sequential stages: The first stage is an initial hyperinflammatory response, sometimes referred to as a cytokine storm, where the innate immune system releases pro-inflammatory cytokines to combat infection, while also recruiting members of the adaptive system to mount an intense immune response. This initial response is then thought to be followed by compensatory anti-inflammatory response syndrome (CARS), which is defined as a systemic deactivation of the immune system tasked with restoring homeostasis from an inflammatory state. Recent data suggest that both aspects of the pro-inflammatory and anti-inflammatory stages of the host immune response to severe injury and/or sepsis often occur concurrently. [1] However, specific immunologic mechanisms during sepsis are unclear.
Vimentin is a type III intermediate filament (IF) protein that is predominantly expressed in mesenchymal cells. [2] coli intraperitoneally to induce colitis and found macrophages of vimentin knockout mice show significantly increased capacity to mediate bacterial killing by abundant production of ROS and nitric oxides. [2] Thiagarajan et al.'s study reported that vimentin could be an endogenous, activating ligand for Dectin-1, the non-toll pattern recognition receptor (PRR), on monocytes. The activation of monocytes contributes to the chronic inflammation such as atherosclerosis. [3] Toda et al reported that vimentin could bind with phosphorylated p38 MAPK and mediate CCL2 production in mast cells, which is a mechanism for allergic inflammation. [4] dos Santos et al demonstrated that lung inflammation and fibrosis were attenuated in the lungs of vimentin knockout mice compared to wild-type controls in the lipopolysaccharide (LPS)-induced acute lung injury mouse model; and this effect may be due to decreased activation of NLRP3 inflammasome. [5] However, so far, the role of vimentin in the pathogenesis or disease progression of sepsis is largely unknown.
In this present study, the role of vimentin in regulating monocyte survival or apoptosis and inflammatory cytokine secretion in response to LPS stimulation was investigated. THP-1 (human acute monocytic leukemia; ATCC   ®   TIB202 TM Manassas, VA, USA) cells was maintained in Dulbecco Modified Eagle Media (DMEM; Gibco, Life Technology, Carlsbad, CA, USA) supplemented with 10% fetal calf serum (FCS; Gibco, Life Technology), 100 mg/mL penicillin, and 100 mg/mL streptomycin (Life Technology). LPS was purchased from Sigma (Sigma-Aldrich, L5418, St. Louis, MO, USA). For the experiment, cells were treated with or without 10 mg/mL LPS for the period as indicated below.
Materials and methods

Cell line and culture
Transfection of siRNA and plasmid
For siRNA transfection, cells were washed once with serumfree DMEM (SF-DMEM; Life Technology) without antibiotics and amphotericin B followed by plating in 60 mm dishes (3 Â 10 6 cells/dish) in 1 mL Optimal-Minimal Essential Medium (Opti-MEM; Life Technology). Negative control siRNA (Santa Cruz Biotechnology, Cat#: sc-37007, Dallas, TX, USA) or vimentin-specific siRNA (Santa Cruz Biotechnology, Cat#: sc-29522) were mixed with lipofecatmine 2000 (Santa Cruz Biotechnology, Cat#: sc-29528) following the manufacture's instruction in Opti-MEM. The mixture was then added into the 60 mm dish containing cells (500 mL/dish, final concentration of siRNA was 200 nmol/L in 1.5 mL/dish). After 6 h transfection, cells were further cultured for 24 h with 10% FCS-DMEM supplemented with antibiotics and amphotericin B overnight. Cells were then used for experiments as designed.
For transfection of the vimentin over-expressing plasmid, cells were washed once with SF-DMEM without antibiotics and amphotericin B followed by plating in 60 mm dishes (3 Â 10 6 cells/dish) in 1 mL Opti-MEM. The vimentin expressing plasmid (pCMV3-VIM; Sino Biological Inc., Beijing, China) or an untagged negative control vector (pCMV3-untagged Negative Control Vector) were mixed with transfection reagent (Sinofcetion-293; Sino Biological Inc.) following the manufacture's instruction in Opti-MEM. The mixture was then added into the 60 mm dish containing cells (500 mL/dish, final concentration of the plasmid was 200 nmol/L in 1.5 mL/dish). After 6 h transfection, cells were further cultured for 24 h with 10% FCS-DMEM supplemented with antibiotics and amphotericin B overnight. Cells were then used for experiments as designed.
Immunoblotting THP-1 cells (5 Â 10 5 cells/mL, 2 mL/well, n = 3) were seeded in 6-well plate and stimulated with LPS for 24 h. Cells were lysed with RIPA buffer (50 mmol/L Tris-HCL, pH 7.4, 50 mmol/L NaCl, 2 mM EDTA, 0.1% DS plus freshly added proteinase inhibitor cocktail including apoprotein, leupeptin, DTT, and PMSF). The cell lysate was centrifuged at 12,000Âg for 10 min at 4°C. Protein concentration in the supernatant was determined by a protein dye-binding assay (Bio-Rad, Hercules, CA, USA). Total proteins were then subjected to immunoblot analysis. Briefly, after heating for 5 min at 95°C followed by cooling on ice, 10 mg of total protein was mixed with 2Â sample loading buffer (0.5 mol/L Tris-HCL, pH 6.8, 10% SDS, 0.1% bromphenol blue, 20% glycerol, 2% b-mercaptoethanol) and loaded into each lane before performing electrophoresis with the Mini-protein 3 Cell System (Bio-Rad). The proteins were transferred to PVDF membrane (Bio-Rad) in transfer buffer (20 mmol/L Tris, pH 8.0, 150 mmol/L glycine, 20% methanol) at 20 V for 45 min with the semi-dry electrophoretic transfer system (Bio-Rad). The membrane was then blocked with the blocking buffer (Li-COR, Lincoln, NE, USA) at room temperature for 1 h and then exposed to primary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA) at 4°C overnight. Targeted proteins were subsequently detected using IRDye 800CW goat anti-mouse antibody (Li-COR) for 1 h at room temperature and dark. Band was visualized with an image scanner (Li-COR).
TUNEL assay
THP-1 (5 Â 10 5 cells/mL, 2 mL/well, n = 3) were seeded in 6-well plate and stimulated with LPS for 24 h. Apoptosis was assessed by TUNEL assay and DNA content assay. TUNEL assay was conducted using a commercially available kit (Roche Molecular Biochemicals, Penzberg, Germany) following the manufacture's instruction. Briefly, the cells were spun on a slide (100 mL/slide) with a cytospin device (Cytospin 2; Shandon, Canton, MA, USA) at 120g for 5 min. After air dry, the cells were fixed with 10% formalin for 1 h at room temperature followed by permeabilization with 0.1% Triton X-100 in 0.1% sodium citrate for 2 min at 4°C and rinsed with the PBS. The cells were then reacted with the TUNEL mixture in a humidified chamber for 60 min at 37°C in the dark. After washing, the cells were counterstained with 1 mg/mL of propidium iodide for 10 min in the dark. After washing and mounting, the fluorescent incorporation into nucleotide was detected and photographed under a fluorescent microscope at 200Â magnification (Leica, Wetzlar, Germany). TUNEL positive and total cell number was counted in at least five random fields for each slide.
For DNA content assay, cells were fixed with 70% ethanol/ PBS for 30 min at 4°C followed by staining with propidium iodide (50 mg/mL). Cell cycle analysis was then performed by flow cytometry. Cells with less DNA staining than that of G1 cells (sub-G1 peak or A 0 cells) were considered as apoptotic cells.
ELISA assay
Concentrations of cytokines in the supernatants of cultures were quantified using DuoSet ELISA kit (R&D System, Minneapolis, MN, USA) following the manufacture's instruction with brief modification. Briefly, 96-well plates were coated with monoclonal antibodies at 4°C overnight. Plates were washed three times, and then standards or samples were applied to individual wells and incubated at 4°C overnight, followed by washing and the application of biotinylated antibodies for 1 h at room temperature. After washing, horseradish peroxidase (HRP)-streptavidin conjugate was added for 1 h at room temperature. After a final wash, bound HRP was detected with 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB; Sigma, St. Louis, MO, USA). The reaction was stopped with 1 mol/L H 2 SO 4 , and quantified at 450 nm with a microplate reader (Bio-Rad). Amount of cytokines were adjusted by cell number. Chinese Medical Journal 2019;132 (11) www.cmj.org
Statistics analysis
Normality of data distribution was examined with Lilliefors corrected Kolmogorov-Smirnov test provided in the SPSS 16.0 software (SPSS, Chicago, IL, USA). Continuous variables with normal distribution were expressed as mean ± standard deviations (SD). One-way analysis of variance was used to compare means between different groups followed by Student's t test for paired comparison. All statistical analyses were conducted with SPSS 16.0 (SPSS), and a two-tailed P < 0.05 was considered statistically significant.
Results
Role of vimentin in modulating cell viability in response to LPS
As shown in Figure 1 , vimentin was either suppressed by vimentin-specific siRNA (Vim-siRNA) or over-expressed by plasmid transfection (Vim-DNA). To investigate the role of vimentin in modulating THP-1 cell viability in response to LPS, the cells were transfected with either scramble (control) siRNA or vimentin-specific siRNA. Cells were then exposed to LPS for 24 h. As shown in Figure 2 , THP-1 cells underwent apoptosis in response to LPS exposure as evidenced by significant increase of TUNEL positivity (2.50 ± 0.65% of control vs. 12.10 ± 1.29% of LPS exposure, t = 13.81, P < 0.05, Figure 2A , 2B, and 2E). Suppression of vimentin in the THP-1 cells resulted in further augmentation of LPS-induced apoptosis (27.51 ± 2.47%, t = 5.28, P < 0.05 compared with LPS alone) [ Figure 2B , 2D, and 2E]. Similarly, DNA content assay also demonstrated that suppression of vimentin resulted in significant increase of apoptosis in THP-1 cells [ Figure 3 ].
Next, to confirm the role of vimentin in regulating apoptosis, THP-1 cells were transfected with a plasmid Chinese Medical Journal 2019;132 (11) www.cmj.org containing either a negative control vector (pCMV3-untagged negative control vector) or vimentin gene ORF cDNA clone expression plasmid. Cells were then exposed to LPS for 24 h. As shown in Figure 4 , over-expression of vimentin in THP-1 cells lead to significant reduction of apoptosis in response to LPS exposure (10.4 ± 1.2% of LPS exposure to control cells vs. 2.4 ± 0.4% of LPS exposure to the cells over-expressing vimentin, Figure 4B , 4D, and 4E, t = 5.75, P < 0.05).
Apoptosis associated protein expression
Next, expression of apoptosis-associated proteins was examined. LPS alone or suppression of vimentin resulted in significant up-regulation of caspase-3 compared with control (1.42 ± 0.20 of LPS alone and 1.68 ± 0.10 of vimentin suppression vs. control, Figure 5A and 5B, t = 5.21 and 10.28, respectively, P < 0.05). Moreover, caspase-3 level was even more increased in the cells lacking vimentin and exposed to LPS (2.15 ± 0.12, Figure 5A and 5B, t = 17.95, P < 0.05 compared with control). Other caspases including caspase-8 and -9 were not altered (data not shown).
As shown in Figure 5A and 5C, neither LPS exposure nor vimentin suppression altered the protein level of Bcl-2 in THP-1 cells (P > 0.05). In addition, Bax and Bim were not significantly altered, either, in the cells lacking vimentin regardless of LPS exposure (data not shown). In addition, neither caspase-3 nor Bcl-2 was altered in the cells overexpressing vimentin [ Figure 6A -6C].
Role of vimentin in regulating cytokine release in response to LPS
To assess potential role of vimentin in regulating THP-1-mediated inflammation, effect of vimentin suppression or over-expression on inflammation-associated cytokines and matrix metalloproteinases were examined. As shown in Figure 7 , pro-inflammatory cytokines, interleukin [IL]-6 Chinese Medical Journal 2019;132 (11) www.cmj.org and tumor necrosis factor a (TNF-a), were significantly up-regulated in the cells lacking vimentin (IL-6: 577.9 ± 159.9 pg/day/10 5 cells vs. 283.8 ± 124.6 pg/day/10 5 cells of control, t = 14.76, P < 0.05; TNF-a: 54.1 ± 5.8 vs. 17.1 ± 0.1 pg/day/10 5 cells of control, t = 6.71, P < 0.05) [ Figure 7A and 7B]. LPS exposure resulted in up-regulation of IL-6 and TNF-a in the cells transfected with scramble siRNA (IL-6: 935.2 ± 68.6 pg/day/10 5 cells; TNF-a: 65.1 ± 12.2 pg/day/10 5 cells, Figure 7A and 7B, t = 24.67 and 5.28, P < 0.05 compared with control), and even more significant up-regulation of IL-6 in the cells lacking vimentin (2887.7 ± 831.0 pg/day/10 5 cells, t = 9.48, P < 0.05 compared to LPS-exposed control cells) [ Figure 7A ]. In contrast, over-expression of vimentin in the THP-1 cells significantly blocked TNF-a release under control (undetectable) as well as in the presence of LPS (40.6 ± 3.6 pg/day/10 5 cells, Figure 7B , t = 5.40, P < 0.05 compared to the cells lacking vimentin and exposed to LPS), while IL-6 release was not significantly altered in the cells over-expressing vimentin compared with control cells ( Figure 7A , t = 1.99, P > 0.05).
Interestingly, anti-inflammatory cytokine, IL-10, was not detectable in the THP-1 cells transfected with controlsiRNA or vimentin-specific siRNA regardless of LPS stimulation [ Figure 7C ]. However, IL-10 secretion was dramatically increased in the cells over-expressing vimentin (140.9 ± 17.2 pg/day/10 5 cells), which was significantly blocked by LPS (28.1 ± 1.2 pg/day/10 5 cells, t = 12.99, P < 0.05) [ Figure 7C ].
Discussion
Vimentin is the most abundant IF protein and it is important for stabilizing the architecture of the cytoplasm. In this study, we investigated the role of vimentin in modulating monocytes viability and cytokine release. We found that suppression of vimentin by siRNA resulted in apoptotic cell death, especially in the presence of LPS, while over-expression of vimentin could significantly reduce apoptosis of THP-1 cells in response to LPS exposure. Consistently, caspase-3 was up-regulated in the cells lacking vimentin. Additionally, suppression of vimentin led to up-regulation of pro-inflammatory cytokines (IL-6 and TNF-a) but down-regulation of antiinflammatory cytokine (IL-10). These findings suggested that vimentin plays an important role in the immunomodulatory mechanism of sepsis through modulating monocytes viability as well as balance of inflammationassociated cytokines.
Vimentin has been more focus in oncology research. However, vimentin is also highly abundant in human monocytes and activated macrophages, [6] and increased expression of vimentin has been shown to be a late event in the differentiation of human monocytes, [7, 8] while suppression of vimentin inhibited formation of macrophage foam cells in response to oxidized LDL. [9] Consistently, a growing number of studies suggest that the infection caused by different pathogens can lead to increased vimentin expression, such as necrotizing fasciitis and myonecrosis caused by invasive infection with group A streptococci, [10] neonatal meningitis caused by E. coli, [11] acute gastroenteritis caused by Salmonella typhimurium, [12] or even Chlamydia and virus infections. [13, 14] Mak and Bruggemann [15] reviewed the relationship between vimentin and infection, and pointed out two main aspects of bacteria-vimentin interactions: the role of vimentin in pathogen binding on the cell surface and subsequent bacterial invasion; the interaction of cytosolic vimentin and intracellular pathogens with regards to innate immune signaling. These findings suggest that vimentin may be one of the key molecules that mediate inflammation and immune responses in the infections. However, the mechanism by which pathogenic bacteria bind and function with vimentin is not well understood at present.
The current study demonstrated that vimentin was associated with THP-1 cell apoptosis. In this content, we found that THP-1 cells lacking vimentin were prone to undergoing apoptosis, especially in the presence of LPS, while vimentin over-expression prevented THP-1 cells from apoptosis in response to LPS. Our finding was consistent with the previously reported study, that is, assembly of normal vimentin was disturbed and contributed to amplify the cell death signal. [16] Furthermore, Moisan and Girard reported that vimentin expressed on Chinese Medical Journal 2019;132(11) www.cmj.org the cell surfaces of activated human neutrophils. [17] Studies have also shown that IFs control the intracellular distribution of caspases during apoptosis, [18] that apoptosis clearance was related with O-GlcNAc proteins interaction, [19] and that vimentin was involved in peptidylarginine deiminase 2 process during the apoptosis. [20] These findings, together with our findings, suggested that vimentin play a role in regulating innate immunity in sepsis through modulating monocytes viability. The mechanisms of vimentin modulation on monocytes apoptosis, however, are complicated and remain to be further defined. In this content, the current study demonstrated that caspase-3 was increased in the cells lacking vimentin but was not altered in the cells overexpressing vimentin regardless of LPS presence or absence, suggesting amount and activity of caspase-3 may be dependent not only on the interactive binding of vimentin and caspase-3 or other apoptosis-associated proteins, but also on the amount of vimentin and other cytoskeletal proteins expressed by the monocytes. This remains to be further invested in the future.
Vimentin is involved in and regulates the inflammatory response. Jiang et al [21] found that cardioprotective effects in the myocardial ischemia injury model are related to reductions in the inflammatory response by targeting vimentin. Dos Santos et al revealed that vimentin might be a key regulator of the NLRP3 inflammasome. [5] Consistent with these reports, the current study demonstrated suppression of vimentin expression resulted in up-regulation of pro-inflammatory cytokines (IL-6 and TNF-a) but down-regulation of anti-inflammatory cytokines (IL-10). Interestingly, however, suppression of vimentin by siRNA resulted in significant increase of IL-6 and TNF-a release under control culture condition (SF-DMEM), but the effect was mild in the presence of LPS stimulation. In contrast, over-expression of vimentin had dramatic effect IL-10 release, which was significantly reduced in the presence of LPS. While the mechanism of the vimentin regulation on inflammatory cytokines remains to be defined, it may be associated with several factors including NF-kB and NOD2 regulation, [22, 23] Dectin-1 recognition and binding, [3] or PKCb phosphorylation. [24] In this study, we demonstrated that suppression of vimentin in THP-1 cells resulted in increased apoptotic response in the presence of LPS, while over-expression of vimentin could prevent the cells from apoptosis in response to LPS. In addition, pro-inflammatory cytokines (IL-6 and TNF-a) was increased in the THP-1 cells lacking vimentin, and in contrast, anti-inflammatory cytokine (IL-10) was increased in the cells over-expressing vimentin. These findings suggested that vimentin may regulate innate immunity through modulating monocytes viability as well as inflammatory response in sepsis through shifting the balance of pro-inflammatory and antiinflammatory cytokines.
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